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Abstract:  Geophysical and geochemical methods were used at Grand Terre 1 
(GT1) Island off the coast of Louisiana, an island that had been heavily contaminated 
with crude oil associated with the April 2010 BP Deepwater Horizon oil spill. 
Electrical methods and aqueous geochemistry have proven sensitive in the detection 
of contaminates, as well as the biological and chemical processes associated with the 
biodegradation of hydrocarbons in the subsurface.  However, to the author’s knowledge, 
all of these studies have dealt with mature (or aged) spills within a freshwater 
environment.  The BP Deepwater Horizon oil spill therefor provided a unique 
opportunity to not only use traditional geophysical and geochemical methods to 
characterize and  delineate fresh crude oil in a highly saline environment and to capture 
the early time biogeophysical signals resulting from the physical, chemical, and microbial 
transformation of crude oil in a highly saline environment. 
Electrical resistivity and electromagnetic methods were used.  Barometric pressure, 
temperature, electrical conductivity, and water level values for the shallow groundwater 
were continuously logged.  Geochemical analysis was performed on water samples 
collected from piezometers networks installed in the impacted, transitional, and 
background areas.  Sediment cores were retrieved throughout the site and used for grain 
size analysis, magnetic susceptibility, total organic and inorganic carbon, and x-ray 
fluorescence.  Soil samples were collected for microbial analyses from the impacted and 
background areas.  Microcosms were set up to determine the microbial diversity analysis 
was used to determine microbial community composition, and biodegradation potential 
of indigenous populations. 
Based on the geochemical, microbial, and soil analysis, the relatively higher apparent 
resistivity anomaly observed between the depths of 0.20 m to 1.20 m bgs could be 
explained by two scenarios(1): elevated resistivity was caused by gas in the subsurface 
produced by the degradation of organic matter coupled to sulfate and iron reduction. (2): 
from variations in salinity.  This research demonstrates the sensitivity of geophysical and 
geochemical methods commonly used to detect contaminates in freshwater environment 
can also be utilized in a saline, coastal environment. 
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CHAPTER I 
 
 
INTRODUCTION 
1.1 Problem Statement 
Crude oil regularly escapes into the environment during extraction, transportation, and 
while in storage.  The final destination of many of these contaminants will be the infiltration into 
a freshwater aquifers. The potential contamination of aquifers has been a primary driving force 
behind the extensive research in the detection and characterization of non-aqueous phase liquids 
(NAPL) using geophysical, chemical, and biological methods.  While the field locations for this 
branch of research are globally diverse, most of this research to date has been conducted in a 
freshwater environment characterizing weathered or mature oil (where the contamination has 
been in existence for decades).  In the last 15 years ~ 2.25 billion liters (CEDRE, 2012) of crude 
oil have been spilled near a salt water coast line impacting coastal aquifers and wetlands. The two 
worst oil spills in United State history: the Exxon Valdez spill in 1989 off the coast of Prince 
William Sound, Alaska and the BP Deepwater Horizon spill in 2010 in the Gulf of Mexico 
released a total over 870 thousand liters of crude oil.   
The characteristic geophysical response of hydrocarbon-contaminated media has been 
attributed to a variety of physical, chemical, and biological mechanisms (Che-Alota et al., 2009).  
The anomalous increase in the bulk electrical conductivity of areas contaminated with NAPL has 
been extensively researched) using electrical methods to characterize the extent of contamination 
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(e.g., Sauck et al., 1998; Atekwana et al., 2000; Werkema et al., 3003; Atekwana et al., 
2004a, b, and c; Atekwana et al., 2005, Benson et al., 1997; Halihan et al., 2005; Kaugmann and 
Deceuster, 2007; Yang et al., 2007).  Electrical methods in particular are sensitive to variable 
changes in soil properties, including the nature of the solid constituents, and of voids, degree of 
water saturation, electrical resistivity of the fluid (chemistry of the pore fluid), and temperature 
(Archie, 1942; Samouëlian et al., 2005).  All of the variables previously mentioned have been 
shown to be influenced by biologic activity adding to the complexity of the subsurface 
environment.  Geophysical studies suggest the weathering of aquifer solids by the organic and 
carbonic acids produced during biodegradation results in an increase in the concentration of 
dissolved solutes which increase the bulk electrical conductivity (Sauck et al., 2000, Atekwana et 
al., 2000). 
A conceptual model of petroleum hydrocarbon contamination developed by Che-Alota et 
al. (2009) illustrates the temporal behavior of bulk electrical conductivity from contaminant mass 
reduction by biodegradation, natural attenuation, or potentially engineered remediation (Figure 
1).  Although Che-Alota et al., (2009) uses bulk conductivity in their model to represent the 
geophysical response, the trend is valid for the application of either electrical resistivity (ER) or 
electromagnetic (EM) to hydrocarbon contamination.  Figure 1 suggests multiple stages in the 
breakdown of hydrocarbons by microbial activity with coincident geophysical response: the first 
stage (Stage A) displays a decrease in the bulk conductivity relative to uncontaminated 
background due to the high electrical resistivity of the fresh petroleum hydrocarbon (Yang et al., 
2007).  However, over time, the excess organic carbon is expected to stimulate the activity of 
indigenous microorganism that breakdown the hydrocarbons producing a variety of metabolic 
byproducts such as organics acids and CO2 (Baedecker et al., 1993; Bennett et al., 1996). The 
organic acids and carbonic acids result in enhanced mineral weathering (Stage B), releasing ions 
into solution and elevating the pore fluid conductivity. The end result is an enhancement of the 
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Figure 1. Conceptual model of the temporal bulk conductivities of behavior petroleum hydrocarbon due to 
contaminant mass reduction by natural attenuation, biodegradation, or engineered remediation.  (Adapted 
from Che-Alota, 2009) 
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bulk electrical conductivity (Sauck, 2000; Atekwana et al., 2004a; Atekwana et al., 2004c; 
Atekwana et al., 2004d).  As time progresses, the availability of terminal electron acceptors, 
organic-carbon-source concentration, and the microbial activity determines the reaction rate and 
production of ions in solution that contribute to the peak value of the bulk conductivity (Stage C).  
With the continuous removal of the contaminant masses by natural attenuation or engineered 
intrinsic remediation, Che-Alota et al. (2009) predicts a decrease in microbial activity and 
therefore a decrease in the bulk electrical conductivity to values close to pre-spill conditions 
(Stage D).  It is important to note that the temporal frame required for these changes to occur 
depends on several factors, including the type and volume of hydrocarbon contamination, relative 
ease of contaminant degradation,  presence of indigenous microorganisms, availability of 
terminal electron acceptors, as well as both the hydrology and hydrogeology of the site.  
The application of the same geophysical technique at different sites, and even at different 
locations on the same site can produce dramatically different results (Atekwana and Atekwana, 
2010).  Che-Alota et al. (2009) model has been repeatedly enforced by past and current 
geophysical research.  However, as previously stated, little to no research has been done in a 
saline environment that could be applied to this model.  The BP Deepwater Horizon oil spill 
provided an unprecedented opportunity to characterize and delineate the crude oil in a saline 
environment.  The study objective was to capture the early time biogeophysical signals resulting 
from the physical, chemical, and microbial degradation of the crude oil in a highly saline 
environment, thus describe the evolution of biogeophysical signals from a young to more mature 
crude spills.  In this study, we interpret the geophysical results within the constraints of the 
biological and geochemical data acquired in order to better understand the geophysical signature 
of a fresh crude oil in a saline environment. 
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1.2 Site History 
On April 20, 2010, oil and gas escaped from BP’s Deepwater Horizon exploratory 
Macondo well located 130 miles to the SE of the southern tip of the Mississippi Delta 
(Operational Science Advisory Team. 2011).  The blowout prevention (BOP) device at the well 
head and all the emergency shut-off equipment failed leading to the largest marine oil spill in the 
United States’ history (Operational Science Advisory Team. 2011).  The Nation Incident 
Command’s Flow Rate Technical Group (FRTG) estimated 4.1 million barrels of oil were 
released into the water column and 2.1 million gallons of dispersants were applied at the ocean 
surface and wellhead (Operational Science Advisory Team. 2011).  The FRTG Oil Budget 
calculator estimated that by July 14, 2010, an expected 17% was captured, 13% was naturally 
dispersed, 23% was evaporated or dissolved, 16% was chemically dispersed, 5% was burned, 3% 
was skimmed, and 23% was considered “remaining oil” either at the surface as light sheen or 
weathered tar balls, has been biodegraded, or has already come ashore (FRTG). 
Crude oil began washing up on the beaches of Gulf Islands on June 1, 2010. By June 4 oil 
had been sited on 125 miles of Louisiana coast, and began washing up along Mississippi and 
Alabama barrier islands (Operational Science Advisory Team. 2011). In early July 2010, the first 
physical evidence of crude oil began to be seen in the form of tar balls washing up on the shores 
of Grand Isle, Louisiana (Operational Science Advisory Team. 2011).  Remediation efforts 
provided by BP on the shores of Grand Isle and Grand Terra consisted of spatial delineation of 
the crude oil by auguring holes ~100m apart and marking if any crude oil was visible in the soil 
till.  This was followed by separating the visually contaminated sediment from the 
uncontaminated either by shovel or by mechanical sifting equipment and shipping it off to be 
decontaminated. 
 Water sampling preformed at Grand Isle, LA by Allan et al. (2012) measuring the 
fraction of hydrophobic organic contaminants such as polycyclic aromatic hydrocarbons (PAHs). 
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Samplers were in the water column during heavy shoreline oiling in the month of June.  Followed 
by a sharp decrease in concentration during August and September and the measurements had 
approximately returned to pre-oil spill concentrations by March 2011. 
While spilled oil does naturally disperse in the coastal environment by storms and 
currents, chemical dispersants (such as Corexit 9500 and Dispersit SPC1000 used in the 
Deepwater Horizon spill are commonly used to accelerate the dispersal process. With respect to 
the remediation at the Deepwater Horizon site, these dispersants were initially sprayed directly on 
the surface of water over the well head by military aircrafts (Operational Science Advisory Team. 
2011). This was followed by directly injecting the dispersant at the wellhead end of the riser pipe 
at a water depth of 1500 m in an attempt to prevent large slicks from forming directly at the 
surface above the wellhead and to reduce the magnitude of oil to impact the shoreline 
(Operational Science Advisory Team. 2011).  The dispersant was injected into the deep-sea at 
high pressure and temperature causing physical dispersion and the creation of two zones with the 
highest concentrations of oil (Atlas and Hazen, 2011).  Large droplets of oil floated to the surface 
while droplets between 10 and 60 µm were neutrally buoyant and were picked up by the current 
between the depths of 900 and 1300 m creating a suspended “cloud” of crude oil (Camilli et al., 
2010). 
1.3 Selection of Field Site 
Maps on the website:  Geoplatform.gov/gulfresponse (generated using data collected by NOAA 
(Figure 2)) showing the areas which had the highest recorded levels of crude oil impact were 
updated daily by NOAA.  According to these maps, barrier islands in southern Louisiana (located 
~ 180 miles to the NW of the blowout) Grand Isle, Grand Terre 1 (GT1), and Grand Terre 2 
(GT2) was shown to be some of the most heavily impacted shores throughout the entire Gulf 
coast.  It was discovered that GT1 to be a state protected wildlife reserve and therefore did not 
permit public access, making it the ideal site to install geophysical and geochemical 
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instrumentation required for the long term monitoring aspect of this research.  A low lying area 
approximately 75 m from shore in the NE corner of GT1 was visually darker than any other area 
on the beach and was thought to be due to contamination. This area is referred to as the Elevated 
Resistivity Area (ERA) (Figure 3).  A vegetative berm began 20 m from the westerly edge of the 
ERA; the area between the edges of the impacted zone to the berm is designated the transitional 
zone.  The background zone is located an additional 60 m to the southwest of the transition zone 
in a sandy clearing within the vegetation. 
1.4 Geology, Hydrology and Climate  
 GT1 is a barrier island composed entirely of sediments, most of which are terrigenous. 
Surface sediments of the island are primarily fine- to very fine-grained sand, some silt and with 
some clay. 
The hydrographical network of the site is most influenced by the Gulf of Mexico and the 
Mississippi River to the East.  In addition, there are small isolated bodies of water within the 
island that act as hyper-saline pools due to ocean water washing in coupled with partial 
evaporating. 
The distribution of rainfall is characterized by highest values during the hurricane season 
of July and August with lows during May and November. The annual precipitation averages 
around 1600 mm.  The climate is humid, mesothermic.  Seasonal tide is characterized by a 
gradual increase starting in January and ending with the highs in the months of July, August, and 
September.  Followed by a very sharp fall in sea level till January and the tides start the cycle 
again. The total change in the height of the sea level in reference to maximum sea level (MSL) is 
approximately 45 cm 
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Figure 2.  Map showing the concentration of contamination of crude oil due to the Deepwater Horizon oil 
spill.  The black arrow is pointing towards the northeast corner of Grand Terra 1 where we chose to use as 
our site.  
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Figure 3. Location of the site starting with a) the state of Louisiana, followed by b) a satellite image of the 
northwestern tip of the island Grand Terra 1,while c) is the study map showing locations of instruments and 
sampling areas. 
10 
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CHAPTER II 
 
 
METHODOLOGY 
2.1 Introduction 
Electrical resistivity (ER) and electromagnetic (EM) methods are frequently applied to soil 
mapping and the detection of contaminated areas. The most common methods are based on the 
temporal and spatial observation of electrical parameters, including electrical resistivity in direct 
current, electrical permittivity, and magnetic susceptibility.  Electrical techniques are sensitive to 
the petrophysical and hydrologic properties of soil (porosity, fluid content, salinity) and to the soil 
texture and structure (grain size, arrangement, and pore space) (Godio et al., 2010).  
In the absence of clays, Archie’s Law (1942), describes the bulk conductivity of consolidated 
sediments: 
                                                                   
   
                                                      (1) 
where σe is the bulk conductivity of the sediments, a is an empirical factor, ϕ is the fractional pore 
volume (porosity), m is a cementation factor, Sw is the fraction of the pores containing fluid, n is a 
saturation coefficient, and σw is the electrical conductivity of the pore fluid.  Archie’s Law 
suggest that three main components control the bulk conductivity of sediments; the petrophysical 
characteristic of the sediments (a, ϕm), fluid saturation (  
 ), and the electrical properties of the 
fluid (  ). 
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2.2 Geophysics 
2.2.1. Electrical Resistivity and Electromagnetic Surveys:  Two surveys were conducted in 
connection with this research: the acquisition of eight ER lines to spatially detect and delineate 
the presence of crude oil and a companion study by Rutgers University using long-term ER 
survey to capture the biogeophysical signals resulting from the physical, chemical, and microbial 
transformation of crude oil in a highly saline environment.  In total, nine 2-D ER lines were 
acquired over a span of fourteen months.  A IRIS Syscal Pro was used to acquire ER data 
utilizing a dipole-dipole array.  Line 1 was installed for the purpose of long term monitoring by a 
companion study by Rutgers University. This line was installed November 2010 and (besides a 
couple breaks due to technical issues) collected data twice a day until January of 2012.  It was 
orientated SW-NE and cut a crossed the area of elevated resistivity. The array consisted of 46 
stainless steel electrodes with a 0.5 m spacing.  Data from lines 2 through 6 were acquired over a 
two-day period in mid-January 2011.  Lines 2 through 5 were parallel to line 1 with a SW-NE 
orientation and were each separated by 10 m.  Data from line 6 was acquired with a SE-NW 
orientation, perpendicular to lines 1 through 5.  The array for lines 2 through 6 consisted of 63 
stainless steel electrodes with a spacing of 0.5 m.  Data from lines 7 through 9 were acquired May 
19
th
 2011 and ran parallel to line 6 with a SE-NW orientation.  The array for lines 7 through 9 
consisted of 72 stainless steel electrodes with a spacing of .5m. 
EM data was acquired on January 11
th
, 2011 using an AeroQuest GEM2.  The GEM2 is a 
multi-frequency EM instrument equipped with a GPS.  Data was collected over a large area that 
encompassed both the main study area as well as our background area using four frequencies: 
1050, 5010, 20010, and 60030Hz.   
2.2.2 Computer Processing: Apparent-resistivity data were inverted using AGI EarthImager, 
and a least-squares inversion technique was used for the inversion subroutine.   
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2.3 Geochemistry 
2.3.1 Piezometer Installation: A piezometer network was installed at 4 different locations 
within the survey site.  Piezometer locations 1, 2, and 3 are located along ER lines 1 and 2, while 
piezometer 4 is located in the background area.  Multilevel piezometers (MPLs) were installed at 
each location for groundwater sampling.  The MLPs were constructed of 1/8 inch inner diameter 
polyvinyl tubing fitted with a 10 cm screens.  The piezometers were installed at intervals of 25 
cm from the surface and reached a maximum depth of 200 cm. 
2.3.2 Groundwater Sampling and Analysis: Water samples were collected at all piezometer 
clusters (MPLs) locations on May 19
th
 and 20
th
 2011.  Water temperature, specific conductance 
(SPC), dissolved oxygen (DO), oxidation-reduction potential (ORP), and pH were measure for 
each piezometer using a Yellow Springs Instrument (YSI) multi parameter probe calibrated 
according to the manufacturer’s instructions.  The YSI probe was immersed into a flow through 
cell into which water was pumped using a peristaltic pump.  Readings were recorded after the pH, 
conductivity, and temperatures stabilized and before samples were collected for chemical and 
isotope analyses.  Samples collected for chemical analyses were filtered through 0.45 µm syringe 
filters. Aliquots of the filtered water were stored in HDP bottles unacidified for anion analysis 
and acidified with nitric acid to pH < 2 for cations and metal analysis. Samples were transported 
on ice and stored at 4°C until analyses.  ).  Immediately after filtration in the field, aliquots of the 
water were used to determine total alkalinity by acid titration (Hach Company, 1992) and ferrous 
iron (Fe
2+
) by colorimetry using the Phenanthroline method (CHEMetrics Inc., 2004).  Samples 
for DIC extraction and δ13CDIC measurements were filtered directly into pre-ecacu8ated vials 
loaded with 85% phosphoric acid and magnetic stir bars (Atekwana and Krishnamurthy. 1998. 
Anions were analyzed by ion chromatography and cations and metals were analyzed by an 
inductively coupled plasma optical emission spectrometry (ICPOES).  DIC was extracted from 
samples in the laboratory under vacuum and the concentration determined empirically from 
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measured CO2 pressures (Atekwana and Krishnamurthy, 1998). The extracted CO2 was stored in 
Pyrex tubes and later analyzed for δ13C by isotope ratio mass spectrometry.  The δ13C is reported 
in the delta notation in per mill (‰) relative to Vienna Pee Dee Belemnite (VPDB) carbon 
standard with a precision of better than 0.1‰. 
2.3.3 Barometric, Water Level, Temperature, and Electrical Conductivity:  Barometric, water 
level, and temperature data was collected every 25 minutes from 1/11/2011 till 8/15/2011.  An 
electrical conductivity logger was placed at a depth of 0.25 m bgs and collected data twice a day 
(at 8:00 am and 8:00 pm) from 8/15/2011 through 1/11/2012.  
2.4 Soil Sampling and Analysis 
2.4.1 Sediment Core Extraction and Preparation: Sixteen soil cores were collected from eight 
locations at the site.  One core was collected in November 2010 in the depressed area. Five cores 
were collected in January 2011; three (1A, 1B, and 1C) from the area of elevated resistivity, one 
(6E) from the transitional, and one (8A) from the background area.  Ten cores were collected in 
May 2011; three (2A, 2B, 3A) from the area of elevated resistivity, three (4A, 5A, 7A) from the 
transitional area, and four (6A, 6B, 6C, 6D) from background.  Cores were collected by manually 
driving 1 m long, 1½ inch diameter clear polycarbonate tubing into the ground. After extraction 
they were cut, capped, sealed, and placed on ice for transport.  Once at Oklahoma State 
University they were transferred into a large freezer for storage.  Six cores ( 1A, 2A, 3A, 4A, 5A, 
and 6A) were chosen based on there location within area of elevated resistivity, the transitional, 
and the background area, as well as proximity to resistivity lines and piezometers locations.  Soil 
samples from these cores were extracted in 2 cm intervals, were dried, and ground by hand using 
an agate mortar and pestle.  These samples were used for grain size analysis, magnetic 
susceptibility. Total organic and inorganic carbon analysis, and x-ray fluorescence. 
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2.4.2 Grain Size Analysis: Sediment grain-size distribution was determined for Cores 1A, 3A, 
4A, and 5A to better understand distribution throughout the impacted and transitional areas.  The 
percent of medium (0.5-0.25 mm), fine grain (0.25-0.125 mm), and very-fine grained (0.125-
0.062 mm) sand were determined by sieve analysis after drying the sediments to a constant 
weight and sieving using screens NO. 60, 100, 120, and 140.  Sediment samples used for sieving 
were extracted using a 2 cm or 4 cm interval. 
2.4.3 Microbiology: Soil and sediment samples were collected in sterile plastic containers at 
various locations and at different depths above the water table at the site.  Three of the samples 
locations (B1, B3, and B4) were located in the depressed area of the site and one (B2) in the 
background area. Samples were analyzed for microbial diversity and for hydrocarbon degrading 
potential by Dr. Babu Fathpure at Oklahoma State University Department of microbiology and 
molecular genetics  
2.4.4 Magnetic Susceptibility: Variable concentrations of magnetizeable materials such as 
ferromagnetic, paramagnetic, and diamagnetic minerals present in sediments affect the strength of 
magnetism in a given sample (Ellwood et al., 2004). Magnetic susceptibility (MS) is a technique 
used to determine the concentration of magnetizeable materials in a sample. Low frequency 
magnetic susceptibility (Xlf) was measured for each sample collected from the six cores from the 
site using a Bartington MS2 magnetic susceptibility meter with an MS2B dual frequency sensor.   
2.4.5 Total Organic and Inorganic Carbon: Total inorganic carbon (TIC) and total organic 
carbon (TOC) concentrations were determined using a CM5014 coulometer equipped with a 
CM5130 Acidification Module and CM5300 Furnace Module.  For TIC analysis, a pre-weighed 
sample was reacted with 2N HClO4 to release CO2, which was titrated electronically.  Total 
carbon (TC) was determined by combusting a pre-weighed sample in the furnace module at 
950°C.  TOC was determined by calculated the difference between the TC and TIC values.  Pure 
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calcite was analyzed each day to ensure instrument stability.  Calcite concentrations were 
measured within 95%.  Measured concentrations of the calcite standards were used to correct 
measured sample concentrations for any instrumental inaccuracies. 
2.4.6 X-Ray Fluorescence (XRF): Iron (Fe), Manganese (Mn), and Sulfur (S) concentrations 
were measured using the handheld Thremo Scientific Niton XL3t x-ray fluorescence analyzer.  
The standard (USGS SCo-1) was used to correct each measured concentration for any errors 
associated with matrix effects in the XRF.  The measured concentrations from the standard were 
compared to the certified values.  The differences between measured and certified values were 
used to calculate correction factors which were then applied to all analyses for a given day.  
2.5 Control Experiments 
2.5.1 Column Setup:  Two in laboratory experiments were conducted using columns to gain 
insights into how variations in the percent of oil saturation and salinity concentration govern the 
electrical properties at our site.  The measurement columns for both experiments were constructed 
of polyvinyl chloride pipe (PVC), column height was 5 cm with an interior diameter of 3.3 cm.  
Two coiled silver-silver chloride (Ag-AgCl) current electrodes were placed at the end of each 
column. The coil technique allows for a greater current distribution throughout the sample. Two 
Ag-AgCl potential electrodes were placed equidistant along the long axis in a Wenner array, with 
an a-spacing of 2 cm between each electrode.  All Columns were packed with sand (U.S. Silica, 
Ottawa Standard, 20 – 30 (850 – 520 μm) mesh), “clean” sands were used for the column 
measurements due to the inability of sacrificing cores from the location at the time when these 
measurements were performed.   
2.5.2 Variations in Salinity:  To measure the variations in electrical response due to salinity, a 
mixture of DI water and varying amounts of NaCl were used to create a “salinity range” spanning 
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20-34 mg/l, one of these salinity solutions was then mixed with the sand grains.  Once the grains 
were coated, they were packed and sealed into a column and flushed with the salinity solution 
until the column was completely saturated, followed by a measurement.   
2.5.3 Oil Saturation:  To measure how the electrical resistivity would change with variations 
in the percent oil saturation columns were created.  First an average salinity of 30.5 mg/l was 
determined by averaging the salinities seen at W#1.  A total volume of 30.00 ml was used when 
determining the different rations of crude oil to salt water which would produce the percent of 
crude oil to be added.  The salt water was first added to clean sand grains in order to establish that 
the “salt water” was in the wetting phase, this was followed by the addition of the crude oil.  This 
was thoroughly mixed and placed in a column for measurements. 
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CHAPTER III 
 
 
RESULTS 
3.1 Geophysical 
3.1.1 Geophysical Results:  The resistivity inversion results of selected profiles (L2, L3, L5, 
L6, L9) are presented in Figures 4 and the rest of the profiles (L4, L7, and L8) are located in the 
appendix. Three distinct layers can be observed throughout the majority of the 2D resistivity lines 
shown in Figure 4. Layer 1 is occurs between 0.0 to 0.5m bgs with a resistivity ranging from 0.65 
m – 1.2 m; 2) layer 2 is found between depths of 0.25 m and 1.20 m bgs with resistivity 
ranging from 1.5 m -2.3 m, layer 3 extends to the base of the 2D apparent resistivity section 
with resistivity values < 1 m  Regardless of the depth of layer 2), a transition of decreasing 
resistivity with depth is always present.  The 2
nd
 layer of resistivity can be seen though out all of 
L2 (Figure 4a) at a depth of 0.20m to 1.10m.  A similar structure is seen in L3 (Figure 4b) with 
the only real difference being the magnitude of the anomalous resistivity response which appears 
to be slightly attenuated compared to that of L2.  The response of the 2
nd
 layer in L5 is found in 
the first and last 6 m of the line, while the middle 25m appears to have a uniformly low apparent 
resistivity response of 0.65 m at all depths (Figure. 4c). 
Line 6 shows the 2
nd
 layer, centered at a depth of 0.8 m and increasing in magnitude to the 
NW from 0.89m at the beginning of the line (southeast end) to 2.3 m near the end of the line 
to the NW, the anomalous electrical resistivity increase becomes more pronounced at the 20 m 
mark (right before L6 intersects L3) of L6 (Figure 4d). 
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Figure 4. 2D electrical resistivity (ER) images of a) L2, b) L3, c) L5, d) L6, and e) L9 
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Apparent resistivity depth slices (Figure 5) were created by exporting each processed ER line 
in a XYZ format and contouring the apparent resistivity data at the depths of 0.5 m, 1.0 m, 1.5m, 
and 2.0 m (Figure 5 a, b, c, and d, respectively).  The layer of relatively higher resistivity between 
the depth of 0.25 m and 1.20 m is seen in the 2D ER lines (Figure 4) while the depth slices 
(Figure 5) help illustrate the increase in apparent resistivity as you progress from SE to NW.  
The contour images of EM data shown in Figure 6 show an increase in conductivity with 
depth through the site.  There is an area of consistently higher conductivity, regardless of the 
depth within the area of elevated resistivity.  It is spatially the largest in the lowest measured 
frequency of 1050 Hz (Figure 6a) and appears to be centered approximately where L5 and L6 
intersect, just to the SE of the area of elevated resistivity.  As the measured frequency increases 
(the skin depth decreases) this conductivity anomaly gradually pinches out as it approaches the 
surface (Figure 6d).The conductivity within the area of elevated resistivity of Figure 6 decreases 
starting at a range of 750 to 1050mS/m at a skin depth of 2.67m (Figure 6a) to a range of 450 to 
750mS/m at a skin depth of 0.97m (Figure 6d).  This shows as the depth decreases, the 
conductivity of the entire site decrease with the lowest recorded conductivity observed towards 
the NW. 
3.2 Geochemistry 
3.2.1 Physical, Chemical, and Isotopic Properties of Groundwater:  The salinity measured at 
the site ranged from 14.07 to 80.98 mg/l in the ground water, with the highest values recorded at 
the background location (Table 1; Figure 7). Piezometers inside the area of elevated resistivity 
show a similar trends; the highest value recorded in piezometer cluster 1 and 2 occur at a depth of 
25 cm of 31.5 and 33.8 mg/l respectively, with a lower value within each piezometer cluster at a 
depth of 50 cm of 24.9 mg/l for well 1 and 30.0 mg/l. This is followed by a slow increase in 
salinity with depth for both piezometer clusters 1 and 2 (Table 1; Figure 7).
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Figure 5.  Depth slices created from contouring of data extracted from electrical resistivity lines. L1 to L9 
represent the locations of electrical resistivity profiles shown in Figure 4. The area within the dotted line 
represents the area of elevated resistivity. 
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Figure 6. Bulk electrical conductivity data at different frequencies obtained from the GEM2 system and the 
calculated depths with lines representing the location of electrical resistivity line. a) bulk electrical conductivity 
at 1050 Hz, skin depth of 2.67 m b) 5010 Hz, skin depth of 1.87 m c) 20010 Hz, skin depth of 1.29 m and d) 
60030 Hz, skin depth of 0.97m. The dashed line represents the extent of the area of elevated resistivity. 
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Figure 7. Vertical profiles of Salinity, total dissolved solids (TDS), dissolved oxygen (DO) pH, and alkalinity in 
the groundwater for locations in the area of elevated resistivity (W#1/W#2), for the transition area (W#3), and 
for the background area (W#4).   
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The total dissolved solids (TDS) show an identical trend observed in salinity (Table 1; Figure 7).  
Piezometer cluster 1 shows two distinct decreases in the dissolved oxygen (DO) values 
approaching 0mg/L at depths 25 cm and 100 cm while the rest of the values were between 50 to 
80 %saturation (Table 1; Figure 7).  The DO values of piezometer cluster 2, 3, and 4 show similar 
trends, with values greater than 25 %saturation above 50 cm bgs while lows (less than 8 
%saturation)  from a depth of 75 cm to 150 cm with a spike of 61 %saturation at 125cm 
bgs(Table 1; Figure 7).  Piezometer clusters 1 and 2 inside the area of elevated resistivity have the 
highest pH which ranged from 6.92-7.33.  Standing water at the site had a pH value of 8.54 and 
piezometer cluster 4 had the lowest range of all wells of 6.62-7.2 and displayed a general trend of 
increasing pH with depth(Table 1; Figure 7).  The groundwater samples within the impacted zone 
were lower in alkalinity than those of the transition and background (Table 1; Figure 7).  Fe(II) 
values for the area of elevated resistivity were greater than the transitional and background 
between 25 cm to 50 cm bgs, at which the trend is reversed with both wells 3 and 4 showing 
values much greater than those piezometer clusters 1 and 2 (Table 1; Figure 8).  Groundwater at 
piezometer cluster 1 and 2 show increases in dissolved inorganic carbon between depths of 50 cm 
to 120 cm of 204 to 375 mg CO2/l and 321 to 480 mg CO2/l  respectively, while the background 
location were between 730 to 2340 mg CO2/l (Table 1; Figure 8).  Concentrations of Mn in 
groundwater at piezometer clusters 1 and 2 are highest at a depth of 50cm and were elevated with 
respect to groundwater at piezometer clusters 3 and 4 (Figure 8).  Sulfate values for groundwater 
piezometer clusters in the area of elevated resistivity were lower between 50 cm to 125 cm bgs 
with their lowest value at a depth of 75 cm (Table 1).  Ions Mg, Na, K, and Cl all show similar 
depth variations of the area of elevated resistivity and transitional area and are substantially lower 
in the concentration compared to the background (Table 1) 
3.2.2 Hydrocarbon Analysis:  All soil and groundwater samples sent out for analysis to both 
laboratories came back below practical quantitative limit (BPQL) for TPH (Tables 2, 3, and 4).
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Figure 8. Vertical profiles of Fe(II)), dissolved inorganic carbon (DIC), Mn(II), ,   
  , and    
 , and isotopic 
ratio of dissolved inorganic carbon (δ13CDIC) in the groundwater for locations in the area of elevated resistivity 
(W#1/W#2), for the transition area (W#3), and for the background area (W#4).   
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Table 2. Results of soil samples collected on 11/17/2010 and 01/12/2011 from various areas within the elevated 
resistivity area, transitional, and background areas. 
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Table 3. Results of water samples taken on 1/11/201 from various depths using the piezometers at well location 
1 within the area of elevated resistivity, as well as a sample from the background area. 
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Table 4. Results of soil samples taken on 8/15/2011 from areas within the area of elevated resistivity (well 
locations 1 and 2) as well as samples from the background area. 
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3.2.3 Electrical Conductivity:  The electrical conductivity logger data in Figure 9 shows two 
distinct areas of measured EC separated by a sharp decrease. The first is from 08/15/2011 to 
11/10/2011, where the average measured EC is 2002 mS/m.  The second spans from  
11/30/2011 to 1/11/2012 where the average EC is 1075 mS/m.  The data between 11/11/2011 and 
11/29/2011 shows an average decrease in conductivity of approximately 85 mS/m per day (Figure 
9). 
3.3 Soil Sampling and Analysis 
3.3.1 Grain size Distribution: All cores tested were predominately composed (>69%) of fine 
grain sand (Figure 10). Core 1A had a higher percent of very fine grain sand ranging from 10%-
26% throughout the core, while cores 4A and 3A ranged from 1%-6% (Figure 10c) and 4%-
10%Figure 10b) respectively.  Based on visual analysis during the sieving, any medium grain size 
peak in all sampled cores was the result of high amount of shell fragments. 
3.3.2 Magnetic Susceptibility:  Cores 1A, 2A, and 3A located in the area of elevated 
resistivity. Core 1A has two peaks at 66 cm and 72 cm of 31 (10
-5 
SI/cm
3
/g) and 30 (10
-
5
SI/cm
3
/g), from 70 cm through the end of the core at 90 cm the average reading is 23 (10
-
5
SI/cm
3
/g) (Figure 11a). Core 2A displays a large sharp peak of 77 (10
-5 
SI/cm
3
/g) at a depth of 4 
cm followed by a nearly constant value of 10 (10
-5 
SI/cm
3
/g) to a depth of 50 cm where a strong 
peak of 39 (10
-5
SI/cm
3
/g) is centered at a depth of 58 cm, this is followed by an elevated average 
reading of approximately 22 (10
-5 
SI/cm
3
/g) starting at 64 cm till the end of the core at 96 cm 
(Figure 11b). Core 3A has two noticeable spikes at 62 cm and 76 cm registering 42 (10
-5 
SI/cm
3
/g) and 38 (10
-5
SI/cm
3
/g) respectively (Figure 11c). Cores 4A and 5A are located in the 
transitional area of the site. Core 4A displays peaks at depths of 6 cm, 64 cm, and 76 cm, of 46 
(10
-5 
SI/cm
3
/g), 46 (10
-5
SI/cm
3
/g), and 42 (10
-5 
SI/cm
3
/g) respectively (Figure 11d). The area 
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between depths of 18cm through 54 cm averages 10 (10
-5 
SI/cm
3
/g). Core 5A has two distinct 
peaks at 4 cm and 26 cm of 34 (10
-5 
SI/cm
3
/g) and 22 (10
-5 
SI/cm
3
/g) respectively (Figure 11e). 
These variations with depth produce three trends that can be spatially traced through cores in 
Figure 11.  Core 6A, located in the background, shows an increasing MS values beginning at a 
depth of 12 cm to the largest peak of the core at 36 cm of 46 (10
-5 
SI/cm
3
/g) followed by a steep 
drop in MS over the next 4cm to a depth of 40 cm where it levels out averaging approximately 12 
(10
-5 
SI/cm
3
/g) (Figure 11f).  All cores have elevated MS within the top 10 cm, with cores 4A, 
5A, and 2A registering the highest values within that depth range.  Cores 1A, 2A, 3A, 5A, and 6A 
all show an increase in MS within the range of 20 to 45 cm bgs.  Cores 1A, 2A, 3A, and 4A 
display an average increase in MS between the depths 55 to 85 cm 
3.3.3 Inorganic and Organic Carbon:  Core 6A shows a TOC sharp peak of 3.2 weight 
percent carbon (W%C) centered around 20 cm bgs while no significant variation was seen in TIC 
measurements above and below (Figure 12b).  TIC is core 1A shows two peaks of 0.71 W%C and 
0.94 W%C at 40 cm bgs and 66 cm bgs respectively (Figure 12a).  The TOC for core 1A 
exhibited two peaks (of 1.5W %C and 1.6W %C at depths of 32 cm bgs and 72 cm bgs, 
respectively as well as an area from 50-58 cm bgs  where essentially no TOC (<.07 W%C) was 
recorded (Figure 12a).  
3.3.4 X-Ray Fluorescence: Two zones with elevated concentrations of iron, manganese, and 
sulfur are represented by the gray boxes cutting through Figure 13a, b, and c.  The first zone is 
located between the depths of 18 cm and 42 cm bgs, while the second is found between the 
depths of 60 cm to 76 cm bgs.  Zones with elevated iron and manganese can be seen in core 2 
between the depths 48 cm to 68 cm bgs (Figure 13d and e) as well as two zones within core 3 
between the depths of 20 cm to 46 cm bgs and a slightly smaller zone located between 54 cm and 
72 cm bgs (Figure 13g and h).  All three of these zones in core 2 and core 3 do not show any 
increase in the concentration of sulfur (Figure 13f and I respectively) at the previously mentioned 
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Figure 12. Total organic carbon (TOC) and total inorganic carbon (TIC) for a) core 1A and b)core 6A.   
36 
 
Figure 13. Iron, manganese, and sulfur concentrations determined by x-ray fluorescence for core 
1A, 2A, and 3A from within the area of elevated resistivity. 
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.
Figure 14. Iron, manganese, and sulfur concentrations determined by x-ray fluorescence for 
core 4A and 5A from the transitional area and core 6A from the background 
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depths.   Core 4 displays two zones of increased iron and manganese which can be seen between 
the depths of  14 cm to 48 cm bgs and from 52 cm to 70 cm bgs (Figure 14a and b).  While both 
of these zones are quite large, elevated sulfur concentration is only seen as a quick spike at a 
depth of 28 cm (Figure 14c).  Two smaller zones are seen in core 5, the first is between the depths 
of 20cm to 28 cm and is characterized by smaller increases in both iron and manganese (Figure 
14d and e respectively) while a quick, sharp increase in sulfur is seen just a the depth of 24 cm 
(Figure 14f).  The second zone displays dramatic oscillation of highs and lows between the depths 
of 32 cm and 46 cm in iron, manganese, and sulfur (Figure 14d, e, and f respectively).  Core 6 
from the background area shows a broad zone between 12 cm and 56 cm where iron, manganese, 
and sulfur all display elevated concentrations relative to the rest of the core (Figure 14g, h, and i).  
The sulfur concentrations (Figure 14i) seen between 20 cm to 24cm bgs are the highest sulfur 
concentrations seen through the cores sampled at this site.  
3.3 Control Experiments 
3.3.1 Oil Saturation:  The experiments investigating the resistivity response due to variations in 
oil saturation with a premade solution consisting of 30.5 g/l NaCl is presented in Figure 15a. The 
data shows a very small increase in resistivity (within a narrow range in resistivity) due to a 
change in the percent of oil saturation (Figure 15a).  The true resistivity response of a sample with 
no crude oil measured at 0.782 m, while the resistivity response of a sample with 20% crude oil 
saturation measured at 0.944 m (Figure 15a).  The percent change of the percent oil saturation 
was 17.16% with the tested range of 0-20% crude oil saturation 
3.3.2 Variations in Salinity:  The purpose of this experiment was to gain insight into the 
relationship between the magnitude of salinity in pore space and the corresponding apparent ER 
response by creating an equation (Eq. 2) from a linear best fit line, calculated using data from the 
eight measurements taken within the range of 20-34 mg/l (Figure 15b). 
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Figure 15. a) Variations in resistivity as function of crude oil saturation at a constant concentration of 
30.5g/l NaCl; b) variations in resistivity as a function of salinity concentration. 
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                                                                                                            (2) 
Where y is the salinity value and x is the apparent resistivity value (post correction with geometric 
factor).  This equation was applied to the 1D depth data of ER line 2 by inputting the apparent 
resistivity values determined from above as “x” into the y=mx+b equation and solving for y 
yielded a projected salinity range of 10-25 mg/l at well 2 with the lowest values at a depth of 60-
85 cm (Figure 16b).  The same procedure was done to the 1D depth data of ER line 6 that was 
nearest well location 1, the projected range was 5-27 mg/l with the lowest values at a depth of 60-
85 cm (Figure 16a). 
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Figure 16. a) b) variations in bulk resistivity converted to salinity values with depth using the equation 
from Figure 13 b 
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CHAPTER IV 
 
 
DISCUSSION 
4.1 Electrical Variation:  An examination of the geoelectrical images shows that the variation 
in resistivity is very small and ranges between 0.65-2.5 m. This is expected due to the high 
salinity and hence high conductivity of the sediments of barrier islands (salinity ranges from 
14.07 – 80.98 Mg/L, table 1; Figure 7). Nonetheless, there is a distinct layer ~ 1 m thick found 
between the depths of 0.25 and 1.20 m that shows slightly elevated resistivities with values > 1.5 
m (Figure 4). To assess the lateral extent of this layer, a map of resistivity variations as a 
function of depth (depth slices) (Figure 5a-d) was produced and compared to EM images at four 
different frequencies (Figure 6a-d). The resistivity depth slices and EM depth maps show that the 
relatively higher resistivity (lower conductivity) layer found between the depths of 0.25 and 1.20 
m is found within the impacted zone and increases in magnitude and thickness towards the 
shoreline (to the NW).  
A companion study at the site by collaborators at Rutgers University investigated the 
sensitivity of electrical resistivity on of biogeochemical processes associated with the 
biodegradation of hydrocarbons in the subsurface using surface and borehole resistivity arrays.  
Pixel time series analysis of an inverted time sequence of resistivity sections highlighted differing 
responses between the areas defined in this study as the impacted and transitional areas. The area 
of elevated resistivity exhibit persistent resistivity decreases over time, whereas the transitional 
area exhibit relatively uniform resistivity. This information coupled with the presence of 
hydrocarbon degrading microbes suggests the decrease in the observed electrical response is 
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thought to be due to the biodegradation of the relatively higher resistivity layer of oil.   
4.2 The Presence and Potential Role of Microbes at the Site:  A complementary examining the 
possible presence of microorganisms able to degrade hydrocarbons at the site was completed by Dr. Babu 
Fathepure’s laboratory at Oklahoma State University. Previous investigations have documented the fact 
that hydrocarbons can be easily degraded under low salinity environments typically found in terrestrial 
and marine habitats (< 3% salinity) (Le Borgne et al. 2008; Pérez-Pantoja et al. 2010). However, limited 
studies exist on the degradation of hydrocarbons under high salinity conditions (>10 % salinity) as found 
in coastal zones and salt marshes as was the case of our field site. 
4.3 Microbial Diversity:  Analysis of 16S rRNA genes revealed the presence of highly diverse 
microbial community regardless of oil presence. Important to note is the diversity observed between 
samples collected in the background and the area of elevated resistivities; the background area provided a 
more diverse population of microbes, whereas the area of elevated resistivity showed a less diverse 
population (Figure 17).  
4.4 Hydrocarbon Degrading Potential of Microbes found at Site:  In addition microcosm experiments 
set up to investigate the hydrocarbon degrading potential showed that benzene and toluene in microcosms 
prepared with soil/sediment samples collected from the impacted zone were completely degraded within 2 
weeks (Figure 18). Subsequent addition of the hydrocarbons to these samples resulted in an increased rate 
of degradation with complete degradation occurring within 7 days suggesting that enrichment of 
hydrocarbon degrading microorganisms had occurred (Figure 18). Surprisingly, experiments with samples 
from the background location showed negligible amount of benzene and toluene degradation in 3 weeks, 
despite the fact that the microbial diversity results suggested the presence of hydrocarbon degrading 
microorganisms (Figure 18).  
4.5 Presence of High Saline Hydrocarbon Degrading Genes:  The study also tested for the presence 
of important hydrocarbon-degrading genes such as catechol 1, 2-dioxygenase (1, 2-CTD) and 
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Figure 17. a) Microbial community composition within the the area of elevated resistivity.  Members of Pseudomonas sp. 
dominated the community (20% of clones).  Many Pseudomonas strain have the capacity to degrade petroleum 
compounds.  Analysis also included the presence of Marinobacter sp. and Halomonas sp. members of these genera are 
known hydrocarbon degraders at high salinity.  b) Microbial community composition within the background area is much 
more diverse then the area of elevated resistivity.  Multiple hydrocarbon degrading halophlic organisms seen within the 
area of elevated resistivity are also present in the background, including Marinobacter sp. and Halomonas sp 
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Figure 18. Biodegradation of hydrocarbons from soils extracted from within the area of elevated resistivity.  
Benzene and toluene degrade quickly in active bottles compared to autoclaved bottles suggesting biological 
degradation 
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protocatechuate 3, 4-dioxygenase (3, 4-PCA) in all samples collected. The data showed the presence of 
these conserved genes in all samples collected from the area of elevated resistivity suggesting the genetic 
potential of hydrocarbon degradation by native microorganisms. However, no genes were detected in 
samples collected from sites considered background.  Finally, further experiments to determine the 
hydrocarbon degradation potential under high salinity conditions (up to 15% salinity) showed that 
Marinobacter dominated the community representing >80% of clones.  Marinobacter sp have been 
isolated from various hydrocarbon-contaminated high salinity environments (Berlendis et a. 2010; Duran, 
2010) as well as from BP oil –impacted beach sands collected from Pensacola Beach, FL (Kostka et al. 
2011). .Although it is not possibly to conclusively determine that the high resistivity layer is due to the 
presence of the oil, the microbial results suggest that our impacted zones had native microbial populations 
capable of degrading aromatic hydrocarbons at salinities ranging from 6 to 15 % NaCl.  
4.6  Electrical Properties of the Pore Space:  In order to gain insight into what is causing this 
electrical anomaly, we use Archie’s Law (1942), which in the absence of clays, describes the bulk 
conductivity of consolidated sediment.  First we evaluate the effect of spatial variation in grain size 
(lithology) on the electrical response. Figure 11 suggests that the grain size throughout the entire site is a 
mixture of medium, fine, and very fine sand grains, with little clay or silt detected. The electrical 
conductivity is related to the particle size by the electrical charge density at the surface of the solid 
constituents (Samouëlian et al. 2005). In clay soil, the electrical charges located at the surface of the clay 
particles produce a greater electrical conductivity than in more coarse-textured soils like sand due to the 
magnitude of the specific surface area (Samouëlian et al. 2005).  Within the anomalous area the grain size 
is dominated by fine grain sand with little to no evidence coarse grain particles.  Due to the lack of 
lithographic variations the electrical charges produced by an increase in coarse grain sediments can be 
ruled out as a potential factor contributing to the electrical anomaly observed.  The resistivity anomaly 
occurred within an interface where the sediments appeared fully saturated, although do to the high 
microbial presence and geochemical measurements, the production of gas derived from organic matter 
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degradation could be used to explain the variations in the bulk resistivity  The electrical properties of the 
pore fluid could also be a controlling factor in the generation of the increased apparent resistivity anomaly 
observed in the area of elevated resistivity due to dynamic ranges seen through the site in the aqueous 
geochemistry data. 
4.7 Electrical Response to Variations in Percent Oil Saturation:  To assess if the 1.2 to 2.3 m 
resistivity layer was due to the presence of oil, we conducted a controlled experiments to determine how 
much oil saturation would be required to explain the resistivity data.  The data collected from the column 
experiments that measured the resistivity response due to variations in the percent of oil saturations were 
compared to the apparent resistivity values from the post inversion 2D lines collected at the site.  This 
was to predict what the percent oil saturation values would be expected in our extracted cores in order to 
produce the values associated with the relatively higher resistivity layer observed through the area of 
elevated resistivity.  The results suggest that the 1.2 to 2.3 m range of apparent resistivity as observed in 
L2 and L6 at a depth of 0.25 to 1.25 m (Figure 4a and 4d) would be due to hydrocarbon saturation greater 
than 20%.  In order to determine if the oil was strongly sorbed to the sand grains, sediment samples were 
sent off to labs for TPH analysis.  While all samples came back BPQL, only one sample was extracted 
within the depth range that the electrical anomaly is found throughout the site:  S#1-12 was the deepest 
sample extracted at a depth of 0.3048 m bgs. 
4.8 Electrical Response to Variations in Salinity:  Because the geochemistry is unable to fully support 
the presence of hydrocarbons at the depth where the apparent resistivity anomaly was observed, an 
alternative explanation was pursued using variations in the salinity measured at the site.  Applying the 
salinity equation (Eq.2) determined by measuring the resistivity response to variations in salinity to the 
measured salinity range 14.07 to 38.21 mg/L of wells within the impacted and transitional areas (W1, W2, 
and W3)  produces a proposed apparent resistivity range of 0.51 to 1.23m.  Therefore, variations in 
salinity could potentially produce a plausible explanation as a controlling factor in the generation of the 
increased apparent resistivity anomaly seen in the area of elevated resistivity.  The salinity range over the 
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entire site is 14.07 through 80.98 units and is caused by the extremely diverse hydrologic environment of 
a barrier island.  Precipitation rates and tidal variations; including the tidal height and infiltration rates 
would change the spatial distribution of salinity in the near subsurface therefore altering the electrical 
response of the fluid. 
4.9 Interpretation of Geochemical Data:  In saturated sediments contaminated with hydrocarbon, the 
reduction of the contaminant mass by microbes can be determined by the presence of multiple factors: 1) 
microbes capable of degrading the hydrocarbon, 2) terminal electron acceptors processes (TEA’s), 3) 
production of by-products of hydrocarbon degradation such as organic acids (Cozzarelli et al., 1990), 4) 
the production of carbon dioxide (Sauck 2000) and 5) the shifts in the isotope ratio of dissolved inorganic 
carbon (DIC) (Aggarwal and Hinchee, 1991). 
The geochemical data within the site suggest the contamination of the groundwater may have 
been in the dissolved form. Depth profiles show evidence of biodegradation of organic carbon; DIC 
concentrations within the area of elevated resistivity were found to be relatively lower, with values 
between 204 to 480 mg CO2/l at depths of 10 to 100 cm compared to the background area with values 
between 730 to 2340 mgCO2/l from depths between 25 to 125 cm.  W1 and W2 within the area of 
elevated resistivity show higher dissolved Fe(II) and Mn (between the depths 0.50-1.20 m bgs) compared 
to the background indicating reduction of Fe(III) and Mn (IV) from solids coupled to microbially 
mediated degradation (Atekwana et al., 2005) was greatest within the area of elevated resistivity. In 
vertical profiles, the depths with higher Fe(II) and Mn coincide with the location and depth of the resistive 
anomaly seen in ER line 2 (Figure 4a).  Variability and lower values of    
  and    
   in the vertical 
profiles for W1 and W2 are most likely due to utilization by microbes during the degradation of organic 
matter. W4 in the background area shows relatively low pH values compared to the area of elevated 
resistivity; this can be due to an accumulation of organic acids produced from decomposition of organic 
material from microbial activity. 
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4.10 X-Ray Fluorescence:  The presence of tar layers near the shoreline were considered when 
initially choosing the field site. Although no such tar layers were visually observed for the area of 
elevated resistivity, the area had a dark coloration on the surface (Figure 19a); a dark layer seen between 
the depths of 20 cm to 45 cm bgs (Figure 19b) was seen in the sediment in the extracted cores within the 
area of elevated resistivity.  Due to the depth of this layer and the visual representation of a smear zone 
(Figure 19c) it was initially believed that this layer was the cause of the zone of higher resistivity of the 
ER lines within the area of elevated resistivity and was caused by either hydrocarbon deposited by the 
tides, the product of biodegradation of petroleum hydrocarbon, or potentially organic matter degradation 
coupled to sulfate and iron reduction.  The elevated concentrations of iron, manganese, and sulfur seen 
between seen between 20 cm to 44cm bgs in core 1A (Figure 20a, b, and c respectively), the increase in 
TOC content seen in core 1A (Figure 20e) at the same depths, depleted DO values seen at 25 cm bgs in 
W1 (Figure 20d), and the strong presence of hydrocarbon degrading microbial gene suggests the presence 
of sulfate reducing bacteria (SRB) (Chapelle and Lovley 1992).  The black layer at approximately 30-32 
cm bgs in core 1A correlates perfectly to the large manganese and sulfur spikes from the XRF, as well as 
the TOC (Figure 20b, c, and e respectively), further supporting that the black layer seen in core 1A is due 
to the active biodegradation of the soils in response to increased carbon loading, potentially from spill 
hydrocarbons.   
Core 6A from the background area displays (although sporadic with depth) elevated concentrations of 
iron, manganese, sulfur, and DO from 12 cm to 56 cm bgs (Figure 20f, g, h, and i respectively).  The 
sulfur peak seen at 20 cm to 24 cm bgs in core 6A correlates to the TOC spike seen at 20 cm bgs (Figure 
20j).  The increased concentrations in iron, manganese, sulfur, and TOC in core 6A can be interpreted as 
the product of SRB, yet the abundance of dissolved oxygen within the same depth interval reveals that 
although SRB degradation may have taken place, it was not active during the time when water samples 
were collected (Chapelle and Lovley 1992).  
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4.11 Crude Hydrocarbon Contamination due to Natural Oil Seeps:  Although, the presence 
of oil cannot be conclusively demonstrated at the site, the microbial population data points to the 
fact that the exposure of the site to oil from the BP spill or some previous spills had resulted in 
the enrichment of native populations capable of degrading oil within the area of elevated 
resistivity.  This can be explained by comprehensive remote sensing surveys indicate that there 
are approximately 350 constant oil seeps in the Gulf of Mexico (MacDonald and Leifer 2002), of 
these, 63 individual seeps were identified using multiple data sets as perennial oil slicks 
(MacDonald et al., 1996).  Seep rates were calculated to give a total Gulf of Mexico seep rate of 
about 140,000 metric tons (~42 million gallons) per year and a seep rate of 73,000 metric tons 
(~21.9 million gallons) per year for just the northern Gulf of Mexico (Kvenvolden and Cooper 
2003) where this research’s site is located.  The lack of the enrichment of native populations of 
oil degrading microbes at the background site suggests an absence of significant quantities of oil 
in the background site.  This could be the result of a range of scenarios: rapid degradation 
possibly enhanced by the dispersants used by BP at the Maconda well site, or possibly the general 
lack of infiltration of contaminant as far inland as the background area. 
4.12 Evidence of Rapid Degradation of Hydrocarbon: The majority of petroleum 
hydrocarbons are hydrophobic; causing any biodegradation to take place at the hydrocarbon – 
water interface, therefore the ratio between surface area to the volume of the oil to significantly 
impact the rate of biodegradation (Atlas and Hazel, 2011).  The use of a chemical dispersant to 
increase emulsification of the oil slick improves bioavailability of the contaminant and has been 
shown to enhance oil biodegradation (Wolfe et al., 1998).  Another variable influencing the 
intensity of biodegradation is temperature, an increase results in a decrease in viscosity, thereby 
affecting the degree of distribution, and an increase in diffusion rates of organic compounds 
(Margesin and Schinner, 2001).  Therefore, at the elevated temperature range (23.87 to 33.69°C) 
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observed within the area of elevated resistivity one would expect higher reaction rates will occur 
due to smaller boundary layers (i.e. increased solubility). 
Independent laboratory test results for the presence of hydrocarbons are inconclusive.  This 
could be attributed to several possible scenarios, one being the sampling depth for the presence of 
hydrocarbons, was shallower (<35 cm) whereas, the dark layer seen in extracted cores extends to 
a depth greater than 0.45m (Figure 14b). Nonetheless, non-detect levels of hydrocarbon could be 
explained in terms of rapid biodegradation of the oil if the site was originally contaminated.  
Other recently published studies have suggested very rapid rates of degradation of the crude oil in 
the area of this researches site.  Water samplings performed by Allen et al. (2012) show the 
highest amounts of PAH detected were recorded by samplers in the water column during heavy 
shoreline oiling in the month of June.  This was followed by a sharp decrease in concentration 
during August and September and the measurements had approximately returned to pre-oil spill 
concentrations by March 2011.   This is complemented by research showing that upwards of 40% 
of the oil was lost in the water column between the wellhead and the surface as a result of 
dissolution and mixing as the oil moved through the water column towards the surface (OSAT 
2011). 
Geochemical data for this study was obtained in the field May 2012, after the research by 
Allen et al (2012) found the area to be back to pre-oiling conditions.  This information could be 
used to explain the absence of detectable TPH from the water samples that were collected January 
11
th
, 2011 and sent out to an independent lab for analysis. 
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CHAPTER V 
 
 
CONCLUSION 
The BP Deepwater Horizon oil spill provided an unprecedented opportunity to 
characterize and delineate the crude oil, as well as capture the early time biogeophysical signals 
resulting from the physical, chemical, and microbial degradation of the crude oil in a highly 
saline environment, aiding in the development of models that describe the evolution of 
biogeophysical signals from a young to more mature crude spills.  In this paper, we interpret the 
geophysical results within the constraints of the biological and geochemical data acquired in 
order to better understand the geophysical signature of a fresh crude oil in a saline environment.  
The main results and discussion are listed in the following bullets: 
 Electric methods show a distinct layer ~ 1 m thick found between the depths of 0.25 and 
1.20m that shows slightly elevated resistivities with values > 1.5 m. 
 Further examination of the geoelectrical images shows that the variation in resistivity is 
very small and ranges between 0.65-2.5 m. This is expected due to the high salinity and 
hence high conductivity of the barrier island. 
 The presence of microbes capable of hydrocarbon degradation could where found in all 
areas of the site. 
 Only the samples collected from the area of elevated resitivity  displayed the genes for 
active degradation while the samples from the background area were dormant even when 
spiked in microcosm experiments. 
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 The presence of the microbes suggests that oil has been present at the site, the 
experiments cannot determine the time at which the oil was present as well as the 
character of the oil.  The reason for the enrichment of hydrocarbon degrading microbial 
genes at the site is further supported if the presences of oil from natural oil seeps are 
taking into account. 
 Elevated DIC, sulfate, and higher dissolved Fe(II) and Mn found within the area of 
elevated resistivity between the depths of 0.25 to 1.25m bgs are indicative of 
hydrocarbon contamination, these could also be explained by the degradation of non-
hydrocarbon organic matter; supported by the depletion of TOC seen in core 1A between 
50 cm to 58 cm bgs. 
 Increased variability and lower values of    
  and    
   in the vertical profiles for W1 
and W2 are most likely due to utilization by microbes during the degradation of organic 
matter. 
 It is unlikely to know how the site geochemically evolved through time as only one set of 
geochemical data was acquired, making it difficult to differentiate between data that 
supports hydrocarbon degradation versus the background, or pre-oiling environment of 
the barrier island. 
 Elevated iron, manganese, sulfur, and TOC from core 1A, coupled with depleted DO 
concentrations from W1, between the depths of 20 cm to 44 cm bgs are indicative of 
hydrocarbon degradation by sulfate reducing bacteria.  This is further supported by the 
high concentration of microbes capable of hydrocarbon degradation found within the area 
of elevated resistivity and the presence of black sands from possible iron sulfide 
precipitation. 
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 The electrical response seen within the area of elevated resistivity could be explained by 
the production and ebullition of gas in the sub surface by the degradation of hydrocarbon 
by sulfate reducing bacteria.   
 All soil and water samples sent out to independent laboratories to test for the presence of 
hydrocarbons came back below practical quantitative limit.  This could be explained by 
extremely rapid levels of degradation of crude oil in the area of this research. 
 The application of the salinity equation to the measured salinity range of wells within the 
impacted and transitional areas (W1, W2, and W3) produced an apparent resistivity range 
of 0.51 to 1.23 m.  While this range is not an exact match to the range seen in the 2D 
ER lines, the lab experiment only took into consideration variations in salinity and their 
effects on resistivity.  This is not to say that other physical, chemical, and biological 
processes cannot influence the range of apparent resistivity values. 
 This research site can be characterized as having low organic content, moderately low 
total porosities, and high hydraulic conductivities (Lisle and Comer, 2011).  These 
conditions provide an environment that is capable of rapid and efficient degradation of 
low to moderate concentrations of crude oils without nutrient and or oxygen 
enhancement. 
 The rate of degradation was also affected by the dispersants ability to alter the inherent 
chemical and physical properties of oil, allowing the microbes to digest hydrocarbon 
more quickly (Atlas and Hazen 2011).   
 With the seawater containing adequate concentrations of oxygen and nutrients to 
facilitate microbial degradation of crude oil, coupled with wave action driving into and 
flushed out of the pore spaces of the sediments, an elevated rate of biodegradation is 
produced (Lisle and Comer, 2011). 
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Based on the geochemical, microbial, and soil analysis, the relatively higher apparent 
resistivity anomaly observed between the depths of 0.25 m to 1.20 m bgs could be explained by 
two scenarios.  The first and most likely explanation is the area of elevated resistivity was caused 
by the ebullition of gas in the subsurface produced by the degradation of petroleum hydrocarbon 
or some other organic matter coupled to sulfate and iron reduction. Due to inconclusive test 
results for the presence of hydrocarbons from independent laboratories, analysis into the electrical 
response derived from variations in salinity produced a resistivity range very similar to that seen 
throughout the site.  Further research is needed  
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Figure 21 2D electrical resistivity (ER) images of a) L4, b) L7, and c) L8 
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